We have previously demonstrated that the core promoter of rat ribosomal RNA gene (rDNA) contains an E-box-like sequence to which the core promoter binding factor CPBF binds and that the 44 kDa subunit of this protein is immunologically related to USF1, the helix ± loop ± helix-zipper DNA binding protein. Further, we showed that RNA polymerase I (pol I) transcription in vitro is competed by oligonucleotides containing USF-binding site, which suggested a key role for USF in rDNA transcription. To prove the potential role of USF in pol I transcription in vivo, USF1 and USF2 homodimers and USF1/USF2 heterodimer were overexpressed in CHO cells by transfection of the respective cDNAs. Co-transfection of a plasmid containing rDNA followed by primer extension analysis showed that overexpression of USF1 and USF2 as homodimers resulted in inhibition of rDNA transcription by as much as 85 ± 90% whereas overexpression of USF1/USF2 in the heterodimeric form activated transcription approximately 3.5-fold. Transfection of mutant USF2 cDNA that is devoid of the basic DNA-binding domain produced only minimal inhibition of rDNA transcription. These data show that USF can modulate transcription of rRNA gene in vivo by functioning as a repressor (homodimer) or activator (heterodimer) of pol I transcription in vivo and suggest that inhibition of rDNA transcription may be responsible for the antiproliferative action of USF homodimers.
Introduction
Ribosomal RNA (rRNA) is synthesized in the nucleolus by RNA polymerase I (pol I) as a large precursor RNA (pre rRNA) which is processed to mature rRNAs (28S, 18S and 5.8S) by a series of speci®c cleavage reactions (Paule, 1993; Jacob, 1995; Moss and Stefanowsky, 1995) . rRNA synthesis can be regulated by a variety of physiological, pathological and nutritional conditions. The up-regulation of rRNA gene (rDNA) transcription is achieved by glucocorticoid in non-lymphoidal cells/tissues in response to growth or cell proliferation and SV40-induced infection. It is down-regulated by nutrient deprivation, poliovirus infection, in response to dierentiation, heat shock or inhibition of protein synthesis, and by glucocorticoid treatment of lymphosarcoma cells (Jacob, 1995) .
In general, rDNA transcription is species-speci®c (Mishima et al., 1982; Grummt et al., 1982; Ishikawa et al., 1991) although a strict species speci®city can be altered under certain conditions (Pape et al., 1990; Ghosh et al., 1996) . Three key cis-acting elements namely core promoter, enhancers and terminators are involved in the initiation, stimulation and termination of rDNA transcription. Similarly, trans-acting factors that speci®cally interact with the cis-acting elements are required for the initiation and/or regulation of rDNA transcription. A complex called SL1 that consists of TATA box-binding protein TBP and pol I-speci®c TBP-associated proteins (TAFs) constitutes one of the essential trans-acting factors involved in the initiation of rDNA transcription (Comai et al., 1992) . Recent study has suggested the potential involvement of other factors in the initiation of rDNA transcription (Joost et al., 1994) . Two other factors, E 1 BF/Ku and CPBF (core promoter-binding factor), are involved in the basal or initiation of rDNA transcription (Zhang and Jacob, 1990; Ghosh et al., 1993; Ho and Jacob, 1993; Ho et al., 1994; Liu and Jacob, 1994) . Antibodies against the Ku protein can inhibit initiation of rDNA transcription and this inhibition is signi®cantly restored following addition of puri®ed E 1 BF/Ku protein (Ho et al., 1994) . The factor CPBF is required for rDNA transcription in a reconstituted system (Liu and Jacob, 1994) . Further study showed that CPBF and E 1 BF/Ku interact physically and functionally to promote rDNA transcription (Niu et al., 1995) . It is not known whether CPBF and E 1 BF/Ku directly interact with SL1 complex. It is also unclear how the various factors involved in the initiation of transcription confer species speci®city.
Recent study in our laboratory showed that mammalian rRNA gene promoter contain an E-boxlike sequence (CACGcTG) to which the basic helix ± loop ± helix-zipper DNA binding protein USF binds (Datta et al., 1995) . Antibodies against USF1 crossreacted with the 44 kDa polypeptide of rat CPBF. Further, oligonucleotide probes corresponding to USF-binding site and rDNA core promoter inhibited both pol I and pol II transcriptions. Only oligonucleotides that contain the USF binding sequence competed eectively in transcription. This study revealed the functional relationship between CPBF and USF.
The present study was undertaken to determine whether USF can transactivate ribosomal RNA gene promoter in vivo. Surprisingly, overexpression of USF1 and USF2 individually in cells inhibited pol I-mediated transcription whereas overexpression of USF1/USF2 heterodimer activated the ribosomal RNA gene promoter. This dual eect of USF on RNA polymerase I-mediated transcription is speci®c, as overexpression of either subunits as homodimers or heterodimers did not aect a non E-box containing promoter.
Results
Overexpression of USF1, USF2 and DUSF2 in CHO cells does not aect non E-box containing promoter Previous study showed that the 44 kDa subunit of the ribosomal RNA core promoter-binding factor CPBF is functionally and immunologically related to the basic helix ± loop ± helix-zipper DNA binding protein USF1 (Datta et al., 1995) . Oligonucleotides corresponding to USF-binding site and rDNA core promoter inhibited both pol I and pol II mediated transcription in vitro. This data suggested that USF trans-activated rDNA transcription by interacting with the USF-binding Ebox-like sequence in the ribosomal RNA promoter element. To prove further the relevance of this ®nding under in vivo conditions, the 43 kDa USF1, 44 kDa USF2 and DUSF2 were overexpressed in CHO cells by transfecting with the respective cDNA clones (see Materials and methods and Figure 1 for plasmid constructs). To monitor transfection eciency and to demonstrate that overexpression of USF subunits does not in¯uence promoters lacking E-box sequence, a reporter construct pSVb-Galactosidase was used. To rule out the in¯uence of vector DNA on the expression of reporter genes, pLTR vector DNA alone was transfected. Forty-eight hours after transfection, whole cell extracts were made and subjected to Western blot analysis using antibodies directed against b-Galactosidase, USF1 and USF2. The amounts of USF1 and USF2 were indeed higher in the cells transfected with USF1 and USF2 cDNAs separately than those transfected with the control (pLTR and pSVb-gal) plasmids ( This study showed that the expressions of the transfected cDNAs were signi®cantly greater than those of the endogenous USF genes (Figure 2 , compare lane 1 with lanes 2 ± 5; also see the relatively lighter bands of the endogenous 44 kDa USF2 and 43 kDa USF1 in lanes 2 and 3, respectively). The immunoblot analysis for the expression of b-galactosidase clearly demonstrates uniformity in the transfection assay and that the overexpression of USF polypeptides either as homodimers or as heterodimers does not in¯uence the activity of the control promoter (SV40) and speci®cally a non E-box containing promoter. These data demonstrated that overexpression of USF polypeptides in CHO cells does not aect the activity of a control reporter plasmid (SV40-b-galactosidase) at the protein level. Subsequent series of experiments addressed the in¯uence of the overexpression of USF subunits as homodimers or as heterodimers on the ribosomal RNA gene promoter activity at the RNA level.
Overexpression of 44 kDa USF2 protein inhibits pol I transcription in vivo
Homodimer as well as heterodimer of both USF subunits (44 kDa and 43 kDa) are known to bind the E-box-like sequences with equal anity whereas monomers are unable to bind DNA (Sawadogo and Roeder, 1985; Sirito et al., 1992) . Further, translation of USF2 message of dierent lengths is known to form dimers in solution, which can bind to DNA (Sirito et al., 1992) . First, we investigated the eect of USF2 overexpression on pol I transcription, CHO cells were co-transfected with USF2 expression vector and plasmid pEH2 CAT that contains rat rRNA gene promoter (see Figure 1 for the plasmid constructs). Total RNA isolated from the transfected cells was analysed by primer extension using a 20-mer CAT . When the relative transcriptional activity of rRNA gene promoter was measured, the percent inhibition following transfection with 2 mg and 4 mg of USF2 cDNA were approximately 70% and 85% respectively. It was evident from the sequence ladder of the template pEH2CAT that the transcripts were initiated at the +1 site.
Homodimer of 43 kDa (USF1) protein also inhibits rat rRNA gene transcription in vivo
Next, we investigated the eect of USF1 overexpression on RNA pol I-mediated transcription. To address this issue, USF1 cDNA was co-transfected with rat rDNA containing plasmid pEH2 CAT into CHO cells and RNA synthesis was measured by primer extension analysis. As observed for USF2, overexpression of USF1 also resulted in inhibition of rRNA synthesis in vivo (Figure 3 , lanes 10 and 11), as compared with the control level of expression following transfection of rat rDNA plasmid with vector DNA (lane 5). The repressor activity of USF1 was also dose-dependent (Figure 3 , compare lane 10 with lane 11). As much as 90% inhibition of rRNA synthesis was observed even when 2 mg of USF1 cDNA was overexpressed.
Overexpression of 44 kDa USF2 protein lacking basic DNA binding domain minimally aects pol I transcription
To con®rm further that the inhibitory eect of overexpressed 44 kDa USF2 protein on rRNA synthesis is due to direct interaction between rRNA gene promoter and the USF2 homodimer, we transfected the CHO cells with USF2 cDNA that lacks the basic DNA binding domain along with rat rRNA promoter containing plasmid. Overexpression of the mutant USF2 devoid of the DNA binding domain had a slight inhibitory eect on rRNA synthesis when compared with the control level of expression ( Figure 3 , compare lanes 6 and 7 with lane 5). The slight inhibition of rRNA synthesis from the cloned rat rDNA in cells overexpressing mutant USF2 (DUSF2) may be due to sequestering of the endogenous 44 or 43 subunits by overexpressed DUSF2, resulting in unavailability of enough endogenous 44/43 heterodimer to the initiation complex. This data strongly suggests that the repressor activity of USF2 homodimer on rRNA synthesis is due to direct or speci®c interaction of rRNA gene promoter with USF2 homodimer rather than protein-protein interaction.
Overexpression of both USF1 and USF2 activates pol I transcription in vivo
We then investigated whether USF1/USF2 heterodimer also functions as a repressor of rDNA transcription.
To address this issue, we co-transfected both USF1 and USF2 expressing plasmids along with the rRNA gene promoter containing reporter gene into CHO cells. Contrary to the eect of overexpressed homodimers transient increase in the level of USF1/USF2 heterodimer led to stimulation of rRNA synthesis from the rat rRNA gene promoter in vivo (Figure 4 , compare lane 6 with lane 5). Approximately 3.5-fold stimulation of rRNA synthesis was observed in response to overexpressed heterodimer relative to the control level of rRNA synthesis in three independent experiments. This result suggests that binding of USF1 and USF2 to the E-box-like sequences of rat rRNA gene promoter acts as an activator only if they interact with the promoter element in the heterodimeric state. It is likely that stable initiation complex formation is contingent upon interaction between the cis element and the USF1/USF2 heterodimer.
Discussion
Earlier study in our laboratory showed that the 44 kDa subunit of the core promoter-binding factor CPBF is immunologically related to the 43 kDa polypeptide of the basic helix ± loop ± helix-zipper DNA-binding protein USF1, and that the mammalian pol I core promoter contains a sequence similar to the USFbinding E-box sequence initially discovered in adenovirus major late promoter (Datta et al., 1995) . Indeed, the presence of E-box element is essential for the DNAbinding activity of USF. Accordingly, oligonucleotides corresponding to rat rDNA core promoter or USF inhibited both pol I and pol II transcription. The pol I promoter, therefore, belongs to a family of other E-box containing USF-activated cellular promoters that include those of alcohol dehydrogenase (Potter et al., 1991) , mouse metallothionein-I (Carthew et al., 1987; Mueller et al., 1988) , human heme oxygenase (Sato et al., 1990) , human insulin (Read et al., 1993) and human CD2 (Outram and Owen, 1994) . In addition to activation of alcohol dehydrogenase, human insulin and CD2 genes, USF is also known to stimulate pol III transcription of U6 small nuclear RNA gene (Li et al., 1994) . USF thus appears to be a common transcription factor for all three RNA polymerases. The present study has demonstrated a direct role for USF in pol I transcription in vivo. The most noteworthy ®nding is that USF1 or USF2 homodimer can function as a repressor of pol I transcription in vivo and that heterodimerization of USF1/USF2 is essential for the transactivation of pol I promoter. Unlike pol I transcription system, USF1 and USF2 individually (homodimer) or in heterodimeric form can act as activator of several protein coding genes. Because members of the USF family cannot interact with DNA as monomers (Sirito et al., 1992) , inhibition of pol I transcription following overexpression of USF1 or USF2 must be due to the eect of the homodimers. The rat rDNA core promoter-protein complex is stable after heat treatment and can be supershifted using anti USF1 antibodies (data not shown) which suggested the interacting protein with rat rDNA is indeed USF. Therefore, the eect of overexpressed USF1, USF2 and USF1/USF2 on rRNA synthesis in vivo is probably due to speci®c binding of overexpressed USF to E-box like sequences in rDNA. This conclusion is further substantiated by the observation that the non E-box containing SV40 promoter was unaected by overexpression of the USF polypeptides. The slight inhibitory eect of overexpressed dominant mutant DUSF2 on rRNA synthesis may be due to sequestering of endogenous 44 or 43 kDa which causes low level of endogenous 44/43 heterodimer available in the rDNA transcription initiation complex. Such sequestering eect of USF has also been suggested for the regulation of a bi-directional viral promoter (Meier et al., 1994) and L-type pyruvate kinase gene promoter (Lefrancois Martinez et al., 1995) . Co-expression of USF1 and DUSF2 does not alter pol I transcription (data not shown). It is likely that the USF2 mutant dimerizes with USF1 to form an inactive USF complex that is incapable of binding to DNA. Consequently, the stimulatory eect of wild type USF1/USF2 heterodimer is not observed with wild type USF1/mutant USF2 heterodimer.
To our knowledge, this is the ®rst report that USF functions as a repressor or activator of pol I transcription in vivo depending upon the dimerization state of the constituent polypeptides. It should be noted that expression of USF1 and USF2 separately results in homodimer formation whereas simultaneous expression of the two polypeptides can form heterodimer (Sirito et al., 1994) . Because each one of the polypeptides is in considerable excess over the endogenous levels, overexpression of each of the polypeptides individually must lead to higher level of homodimer over the heterodimer population in the cells, while overexpression of both subunits theoretically would result in 1:2:1 (USF1/USF1:USF1/ USF2:USF2/USF2) dimer distribution as been observed in vitro (Sirito et al., 1994; Viollet et al., 1996) or in predominance of heterodimers. Most of USF1 and USF2 are known to exist as heterodimers in vivo while the homodimers are underrepresented (Sirito et al., 1994; Viollet et al., 1996) . Co-transfection of USF1 and USF2 into cells can, indeed mimic the in vivo pattern and that the ratios of the USF1 and USF2 cDNAs transfected also dictates the dimer composition (Viollet et al., 1996) . Based on these observations it is reasonable to conclude that overexpression of individual subunits results in homodimer formation and that of both subunits results in heterodimer formation.
There are several examples of transcriptional modulation by speci®c activators or repressors for pol II genes. There are, however, only a handful of proteins that can act both as activators and repressors. For example, the Drosophila Kruppel protein can activate or repress transcription of Drosophila Adh distal promoter activity depending upon their concentrations (Sauer and Jackle, 1993) . Similarly, the pol I transcription factor E 1 BF/Ku activates pol I transcription in vitro at low concentrations and represses transcription at higher concentrations (Ghosh et al., 1993; Ho and Jacob, 1993; Ho et al., 1994) . The tumor suppressor protein p53 can function as activator or repressor of pol II mediated transcription (Juven et al., 1993; Kley et al., 1992) and acts as a repressor of RNA polymerase I mediated gene transcription in vivo (Ghosh and Jacob, unpublished results) . The pol III transcription factor TFIIIB is activated or repressed, depending upon its phosphorylated state (Gottesfeld et al., 1994) . The phosphorylated state of the retinoblastoma protein pRB can determine its potential to activate or repress transcription (Hinds, 1995) . The tumor suppressor protein Rb also acts as a repressor of pol I transcription (Cavanaugh et al., 1995) . A recent study from our laboratory demonstrated that E 1 BF/Ku can be post-translationally modi®ed following serum deprivation and the modi®ed form can function as a repressor of pol I transcription (Niu and Jacob, 1994) . USF may now be added to the list of proteins that can play a dual role in the modulation of pol I transcription in vivo.
rRNA gene regulation by USF AK Ghosh et al Finally, it would be of interest to know whether USF can modulate rDNA transcription under dierent physiological conditions. The DNA binding activity of USF is regulated in a growth-dependent manner while the protein level remains the same during G1, G1/S and S phase of growth cycle (Miltenberger et al., 1995) . This report suggested that post-translational modification of USF could occur during transition of cells from quiescent to growing state. Whether such modi®cation of USF is also manifested during the regulation of rDNA transcription at dierent stages of cell cycle remains to be seen. It is worthwhile to investigate whether the alteration in rRNA synthesis under a variety of physiological, pathological and nutritional conditions is determined by the ratio of USF1 and USF2 homodimer concentration to the heterodimer concentration. The molecular mechanism by which the USF homodimers and heterodimers modulate pol I transcription in vivo remains to be elucidated. Recently, it has been demonstrated that expression of either USF1 or USF2 has homodimer inhibits cellular proliferation (Luo and Sawadogo, 1996) . Because ribosome biogenesis is essential for cellular proliferation, the inhibition of rDNA transcription in response to USF1 or USF2 homodimer may be one of the ways to control cellular proliferation.
Materials and methods

Plasmid constructs
All plasmid constructs are schematically shown in Figure 1 . pEH2CAT was constructed by inserting the rat rDNA spanning from 74.5 kb to +124 bp (with respect to the +1 initiation site) in front of the bacterial chloramphenicol acetyltransferase gene of pJFCAT1 (Fridovich-Keil et al., 1991) (see Figure 1A) . The eucaryotic expression vector pLTR that contains the Moloney sarcoma virus long terminal repeat (LTR) and SV40 polyadenylation signal was used as control plasmid for co-transfection experiments (see Reisman and Rotter, 1993 and Figure 1B ). pLTR/USF43 or USF1 was constructed by inserting human USF43 cDNA in the EcoRI site of pLTR vector (see Reisman and Rotter, 1993 and Figure 1C ). pSGU44 or USF2 was constructed by inserting the end-®lled EcoRI ± NsiI fragment of USF44 cDNA (mouse) into BamHI site of pSG5 eucaryotic expression vector (see Lin et al., 1994 and Figure 1D ). pSGU44DB or DUSF2 was made by deleting the basic DNA-binding domain (aa 229 to aa 249) of mouse USF2 inserted in pSG5 vector (see Meier et al., 1994 and Figure 1E ). pSV-b-Galactosidase (pSV-b-gal) was obtained from Promega.
Cell culture and DNA transfection
Chinese hamster ovary (CHO) cells were transfected with dierent plasmids using calcium phosphate-DNA coprecipitation technique (for details, see Gorman et al., 1982) . For analysis of the expression of dierent cDNA encoded products at the protein level, the cells were transfected with dierent concentrations (4 ± 8 mg) of pLTR (vector alone), 6 mg of pSV-b-gal (control), and 4 mg of USF1, USF2 and DUSF2. For analysis of the reporter gene expression at the RNA level, dierent concentrations (2 ± 4 mg) of USF1, DUSF2, USF2 and pLTR (control) plasmid DNAs were used for cotransfection along with reporter plasmid pEH2CAT (10 mg). pLTR vector plasmid was used in control transfection experiment along with pEH2CAT to eliminate the DNA concentration eect and the eect of vector DNA on transfection eciency.
RNA isolation and primer extension analysis
Total RNA was isolated from transfected CHO cells 48 h after transfection following the protocol of Xie and Rothblum (1991) . The 5' end of RNA synthesized from transfected plasmids was analysed by primer extension of total RNA (80 mg) using a 20-mer CAT oligo and AMV Reverse transcriptase. Primer extended products were separated by electrophoresis on 7M urea-6% polyacrylamide gel (for details see Ghosh et al., 1993) .
Western blot analysis of protein from transfected CHO cells
Equal amount of protein extracts (85 mg) from transfected CHO cells were subjected to electrophoresis on 10% SDSpolyacrylamide gel, and proteins were transferred to nitrocellulose membrane. After blocking with 5% fat free milk in TBS buer (10 mM Tris-HCl, pH 8.0; 125 mM NaCl), the membrane was cut around the 69 kDa protein marker horizontally and the upper half of the membrane was probed with anti-b-Galactosidase antibodies (Promega) while the lower half of the membrane was incubated with anti USF1 and anti USF2 antibodies. The nitrocellulose membranes were incubated with appropriate anti-IgG alkaline phosphatase conjugate and washed three times in TBST buer (TBS plus 0.05% Tween 20) and the color was developed with BCIP/NBT tablet (Sigma).
